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A systematic field-emission study has been carried out on different types of two-
dimensional carbons in ultrahigh vacuum with the cathode-anode distance ranging from 
near-contact to about 124 nm. An analytical model has been developed to explain the 
increase of field enhancement factor with the cathode-anode distance. Good agreement 
has been achieved between the calculation results and experimental data, including those 
reported in literature. The work provides useful insights into the characteristics of field 
emission from two-dimensional carbon. 
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Two-dimensional (2D) carbon has attracted attention as promising electron field emitters 
due to its large field enhancement factor () stemming from its unique shape and 
dimensions.
1-3
 Despite intensive investigations both theoretically and experimentally, 
however, the exact range of values for  and its quantitative dependence on the 
dimensions of 2D carbon and anode-cathode distance (d) are still debatable. The 
experimental values for  extracted from fittings to Fowler-Nordheim (F-N) plot4 range 
from 10
3
 to 3×10
4
, based on experiments conducted on a variety of 2D carbons with d 
ranging from 20 to 1000 µm.
1,2,5-35
 Several theoretical studies have revealed that β is 
largely determined by the height to thickness ratio of 2D carbon.
36-38
 Although these 
models are in qualitative agreement with experimental observations, the calculated values 
of β are at least one order of magnitude smaller than the experimental values and, in 
addition, a satisfactory explanation of the d-dependence of  has yet to be obtained.36-38 
Considering the importance of  in understanding the field emission mechanism of 2D 
carbon, it is of crucial importance that additional data can be obtained from experiments 
conducted in an ultra-clean environment and using an experimental setup that allows for 
variation of cathode-anode distance from near contact to the sub-micron regime with 
nanometer accuracy. Furthermore, it will be desirable to develop an analytical model that 
is able to account for the experimental results obtained so far on  both in the value and 
its dependence on the sample dimensions and anode-cathode distance.     
   In view of the above, in this letter, we first describe our systematic study on the 
field emission of different types of 2D carbons in an ultrahigh vacuum (UHV) nanoprobe 
system which allows one to control the anode-cathode distance at nanometer accuracy in 
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a range from ~1 nm to 124.2 nm. The experimental results will be compared with the 
reported data in literature. In order to explain the experimental observations, we further 
introduce an analytical model based on basic electrostatics. Good agreement between the 
theoretical model and experimental results, including those reported in literature and our 
own results, has been obtained for both the value and d-dependence of .  
Three different types of 2D samples, namely carbon nanowalls on SiO2 
(CNW/SiO2), CNW on Cu (CNW/Cu) and exposed edges of chemical vapor deposited 
(CVD) single-layer graphene on Cu (SLG/Cu), were employed for the current study. The 
CNW was chosen because it stands rigidly and vertically on a substrate and thus best 
suits the present study.
39
 The SLG/Cu sample is used for comparison with other reported 
experimental results. Details about the CNW growth and structure can be found 
elsewhere.
1,40
 The SLG/Cu sample was prepared by first “cutting-and-tearing” a SLG/Cu 
strip with a STM tip plier, followed by “dip-etching” the freshly exposed edge in 1M 
Fe(NO3)3 solution for 14 min and then “dip-rinsing” in DI water for 10 min. The sample 
was then fastened between two pieces of Si wafers (to make the graphene sheet stand 
vertically on the sample holder) and loaded into vacuum chamber immediately after the 
preparation [see inset of Fig. 1(c) for an illustration].  
All investigations were subsequently carried out in an Omicron UHV system with 
a base pressure better than 2.210-10 mbar. Equipped inside the UHV system are a 
scanning electron microscope (SEM) and four independently controllable nanoprobes 
with auto-approaching capability, which allow for position-specific measurements down 
to nanoscale. Figures 1(b) and (d) are the schematic diagrams of the measurement setup. 
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Prior to field emission (FE) measurements, the average step size of the W anode has been 
carefully calibrated to be ~1.38 nm by using patterned gold pads with pre-determined 
height. The stability of the experiment setup has been confirmed by monitoring the 
emission current by applying a constant voltage bias for a duration which is much longer 
than the time needed for each round of FE measurement. The FE measurements always 
started with preparation of the W anode into desired size (0.6 – 2 µm) and shape through 
local electrical melting inside the chamber by applying a current of appropriate 
magnitude between the tip apex of the anode probe and the body of another W probe that 
was firmly pressed onto 2D carbon to form a close-loop for FE measurements. This 
process is critical to obtain a sub-micron to micron sized anode with a smooth surface 
which is in turn crucial for FE measurements with good reproducibility. The W anode 
was then carefully approached to a 2D carbon single flake through monitoring the 
differential contact resistance using a lock-in amplifier setup. After the electrical contact 
was achieved, the tip was subsequently lifted with pre-calibrated steps (~1.38 nm/step) 
for FE measurements at different distances (d) ranging from 1.38 nm to 124.2 nm [Fig. 
1(a) and Fig. 1(c)]. Multiple runs of FE measurements were performed at each d in order 
to improve the reliability of the measurement results. All the measurements were carried 
out in the UHV chamber at room temperature. Before proceeding to discuss the 
experimental results, it should be emphasized that the FE properties revealed in this work 
originate from local FE of 2D carbon, which has been confirmed by performing FE 
measurements with W anode of different sizes (0.6 – 2 µm).  
Figure 2(a) shows the emission current – electric field (I-E) plot obtained from the 
SLG/Cu sample with a 2 µm-in-diameter W tip at different d; the corresponding F-N plot 
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is shown in Fig. 2(b) and (c). Figure 2(d) and (e) is the F-N plot from the CNW/Cu and 
CNW/SiO2 sample, respectively. Multiple (3-8) sets of curves are displayed in the figures 
for each d; close overlap of the curves at each d indicates good reproducibility of the 
experimental data. It has been found that most of the F-N curves of all three types of 
samples exhibit good linearity, in agreement with the F-N model. Although it was also 
noticed that the F – N curves at small and large distances show reproducible gentle 
superlinear and sublinear characteristics, respectively, the origin will be discussed 
elsewhere. Figure 3(a) plots the averaged β (symbols) extracted from the slope of the F-N 
curves in Fig. 2(b) - (e) using the relation:
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-3/2Vμm-1, Ф = 5 eV and S is the emission 
area. Each data point is obtained by averaging all the calculated β from multiple rounds 
of measurement at the same distance. The most important observation is that β increases 
rapidly with increasing d for all three types of 2D samples. This β-d relation in turn 
results in the strong dependence of the turn-on field (defined here as field for obtaining 
an emission current of 1 nA) on d, which can be seen in Fig. 3(b). The data at large d 
(unfilled symbols) are gathered from literature,
1,2,5-20,22-35,42-45
 whereas those at small d 
(filled symbols) are the results of this study. As discussed in the introduction, theoretic 
studies reported so far, both numerical modeling and analytical calculations employing 
conformal mapping, have failed to achieve a good agreement with experimental results in 
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both the value of β and its dependence on d. Here, we propose a simple analytical model 
based on basic electrostatics to assist in understanding the behavior of β. 
The inset of Fig. 3(c) shows the schematic of the model for calculating β. The 
black rectangle and length extending infinitely in y-axis represents the 2D carbon emitter. 
To facilitate analytical calculation, the tungsten (W) anode is modeled as a flat plate 
placed at an infinite d above the upper edge of 2D carbon and extending infinitely in the 
x-y plane. The W plate is grounded and a voltage bias V is applied to the 2D carbon. As 
the height to thickness ratio of 2D carbon is very large and in order to simplify the 
calculation, we assume that the electric field has a vertical component on the top surface 
of 2D carbon and is zero elsewhere. Although this assumption may lead to an 
overestimation of β, it is adequate for describing the spatial variation of electric field in 
the vertical direction. Based on this assumption, the electric field at z = 0 is given by 
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Here, El is the local field and t is the thickness of 2D carbon. Based on these assumptions, 
the electric field in the free space between the 2D carbon and W anode can be obtained 
by solving the two-dimensional Laplace equation satisfying the above-mentioned 
boundary conditions, in analogy to a magnetic writer head:
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β can be calculated analytically as follows: 
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We first look at the extreme case when (d/t) → ∞, which gives β = 1.4(d/t). This simple 
yet intriguing result can be readily understood as follows. 2/t is the characteristic spatial 
frequency of the electrical field distribution along x-axis at z = 0. This spatial frequency 
determines the rate of exponential decay of electrical potential in the z-direction from the 
2D carbon surface. Therefore, the local electric field is approximately given by 2V/t 
with V being the electric potential of 2D carbon surface. As the global field is V/d, one 
can readily obtain an enhancement factor of 2d/t, which is close to 1.4(d/t).       
Figure 3(c) shows the calculated dependence of β on normalized distance (d/t) 
ranging from 1 to 1×10
6
 at x = 0 (dotted-line) in double-logarithmic scale. The 
calculation result shows that β increases with increasing d/t for d >> t, and has a value of 
about 24000 at d/t = 1×10
5
. Here we first look at how the theoretical values are compared 
with the experimental data at large d [Fig. 3(b)]. As the local electric field is presumably 
the same as the global field as d → 0, the ratio between the average turn-on field at large 
d (dotted-line) and that when d → 0 should be the experimental enhancement factor, 
which turned out to be around 1.2×10
4
 at d = 1×10
5 
nm. Since the typical thickness of 2D 
carbon is within a few nm, this is in good agreement with the calculated values 5.42×10
3
 
– 2.38×104 for t = 1 – 5 nm at d = 1×105 nm from the model. The variation in the reported 
turn-on field at large d in Fig. 3(b) can be understood as being caused by the variation of 
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carbon thickness from sample to sample in different sets of experiments reported in 
literature. 
Although Eqs. (3) and (4) were obtained by assuming d → ∞, the results should 
be equally valid at a much smaller d as exp(-2d/t) << 1 when d > 2t. We now compare 
the calculation result with experimental result at small d. High-resolution transmission 
electron microscopy (HRTEM) observations revealed that the CNW are vertically aligned 
graphene sheets with thickness ranging from one to several nanometers.
1,47
 However, it is 
practically very challenging to examine the exact thickness of the particular 2D carbon 
flake under investigation since it is difficult to distinguish it from the rest after taking out 
the sample (1 cm
2
) from the measurement chamber. We have thus calculated β with t = 2 
nm which is close to the median value of 2D carbon thickness for a qualitative 
comparison [solid curve in Fig. 3(a)]. It can be seen that the model is able to reproduce 
the general trend of the d-dependence of β. However, it predicts a larger β by a factor of 4 
to 10 in the range of 1.4 nm ≤ d ≤ 124 nm. This overestimation in the value of β is 
resulted from assuming that only the top surface of 2D carbon has a vertical field. Despite 
the adequateness of this assumption for the case of large d/t, however, the electric field 
becomes less concentrated on the top surface of the 2D carbon at d comparable to t. The 
change in the local distribution of electric field in turn results in a smaller β than the 
calculation result. To justify our argument, we further performed finite element analysis 
to obtain the field distribution around 2D carbon at d/t = 1, which took into account of the 
electric field originates from the sidewall of 2D carbon. In the simulation, the same 
geometry model as our analytical calculation has been used [inset of Fig. 3(c)]. The 
applied voltage was set to 30 V which is the typical value used in our experiments. The 
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height-to-thickness ratio and relative permittivity of 2D carbon was assumed to be 5 and 
10, respectively. The inset of Fig. 3(a) shows simulated z-component of the total field 
strength normalized by the global field (i.e. V/d) at the gap region. Clearly, the local field 
at the top surface of the 2D carbon is smaller than the global field, suggesting an 
enhancement factor less than unity. 
In conclusion, we have shown that the enhancement factor of 2D carbon emitter is 
determined by the ratio between the sample-anode distance and thickness of 2D carbon 
through analytical calculation based on a simple electrostatic model. Good agreement has 
been achieved between the calculation results and experimental data, including both the 
data obtained in this study and those reported in literature. The enhancement factor at 
small cathode-anode distance was found to be smaller than unity due to the change of the 
local distribution of electric field at the 2D carbon emitter surface. This work provides 
some useful insights into the characteristics of FE from 2D carbon. 
We wish to thank B. L. Wu and Z. X. Chen for some helpful discussions. This work is 
supported by the National Research Foundation of Singapore (Grants No. NRF-G-CRP 
2007-05 and R-143-000-360-281). 
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FIG. 1. SEM image for FE measurements on CNW/Cu (a) and etched single-layer 
graphene on Cu (c) and schematic of the CNW (b) and graphene sample (d). Insets of (a) 
and (c) are SEM images of the CNW/Cu and etched single-layer graphene sample after 
all the FE measurements, respectively.  
FIG.2. Typical I-E and F-N plots: (a) I – E plots for SLG/Cu, (b) and (c) F-N plots for 
CVD SLG/Cu, (d) F-N plots for CNW/Cu, and (e) F-N plots for CNW/SiO2. Figures 
beside the curves are cathode-anode distance (d) in nm. 
FIG. 3. (a) Experimental (symbols) and calculated (solid line) enhancement factor as a 
function of cathode-anode distance for three different types of 2D carbon samples. Inset 
shows the simulated z-component of the total electric field strength normalized by the 
global field around the gap region. The rectangular block at the center is the 2D carbon 
emitter; (b) Experimental data of this study (data in dotted circle) plotted together with 
the data reported in literature for both localized (unfilled triangle) and large-area FE 
studies (unfilled diamond) on different kinds of 2D carbon. The dotted line is the average 
of the reported data from large-area studies; (c) Calculated dependence of the 
enhancement factor of 2D emitter on normalized sample-anode distance (d/t) at x = 0. 
Inset shows the schematic of the model.     
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